The requirement of Lactobacillus casei and Lactobacillus arabinosus for purine bases is increased when these organisms are grown in the absence of histidine. These and related observations were interpreted to mean that purine bases serve as precursors of histidine for these organisms.1 Recent studies by Levy and Coon2'3 have established that in yeast the imidazole ring of purine bases does not appear in histidine and that formate is an excellent source of the amidine carbon (position 2) of the imidazole ring of histidine. They suggested that purine bases might serve primarily as donors of formate in the synthesis of histidine by lactic acid bacteria.
We have now compared the incorporation of variously labeled guanine-C'4 and of formate-C"4 into histidine under various conditions. The results obtained show that in lactic acid bacteria, as in yeast, the imidazole ring of purine bases does not serve as precursor for that of histidine. However, carbon 2 of guanine serves efficiently as a precursor of position 2 of the imidazole ring of histidine and enters this position readily under conditions of folic acid deficiency that prevent incorporation of formate-C 4.
EXPERIMENTAL
Materials.-Guanine4-C"4 and guanine-8-C14 were purchased from the Isotope Specialties Company, Glendale, California. Guanine-2-C14 was generously supplied by Dr. G. B. Brown. Formate-C"4 was a gift from Dr. H. Tabor.
Culture Methods.-The basal medium used' for L. casei (A.T.C.C. 7469) was modified by omitting citrate, adenine, guanine, folic acid, thymine, and histidine and reducing the concentrations of MgSO4 * 7H20 and MnSO4 -H20 to 40 and 2 mg., respectively, per 100 ml. of double-strength medium. Additions made to this medium are indicated in Tables 1 and 2 . 0.07 * Growth conditions and supplements to basal medium are as described in Table 1 ; 10.5 pM (720 pg.) of formate-C14 (specific activity, 130,000 c.p.m. per micromole) were added per 100 ml. of medium in each experiment.
Methods for Isolation and Analysis.-Cells were harvested by centrifugation, then washed successively in hot solutions of 5 per cent trichloroacetic acid, ethanol, acetone-ethanol (1: 1), and acetone. The air-dried material was hydrolyzed overnight with 1.5 ml. of 6 N HCl in a sealed tube at 1200. The hydrolyzate was neutralized and incubated at 300 for 1 hour with 15 mg. of acetone powder of Clostridium perfringens (A.T.C.C. 10873) to decarboxylate histidine.4 The resulting histamine was purified by the method described by McIntire et al. 6 The average amount of histamine-C14 thus isolated was about 100 Mug., and analysis by paper chromatography showed a single ninhydrjn-positive spot which coincided with the radioactivity.
To assay radioactivity of position 2 of the imidazole ring, histidine was isolated by fractionation of the hydrolyzate on a Dowex-50 column6 and degraded with an extract of Pseudomonas fluorescens (strain 6) as described by Tabor and Hayaishi.7 Formic acid arising from carbon 2 was distilled from the incubation mixture in vacuo8 and assayed colorimetrically. 9 Histidine and histamine were assayed calorimetrically, using the Pauly reagent described by Ames and Mitchell.'0 To 3 ml. of solution containing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ,g. of these compounds, 1 ml. of diazotized sulfanilic acid reagent was added. The color was read at 515 mjs 30 seconds after adding 2 ml. of 5 per cent Na2003 solution.
Analysis for Radioactivity.-Carbon 14-labeled materials were plated directly onto aluminum planchets and counted in a Robinson type gas flow counter attached to a Model 182 Nuclear Instrument scaling unit. The activity of all samples was at least ten times the background count.
RESULTS AND DISCUSSION
Data of Table 1 demonstrate that guanine contributes primarily carbon 2 to the biosynthesis of histidine. The relative inactivity of histidine derived from guanine-4-Cl4 and guanine-8-C'4 contrasted with the high activity of that derived from guanine-2-C"4 rules out a direct transfer of the imidazole nucleus from guanine to histidine. When labeled histidine obtained from cells grown with guanine-2-C'4 was diluted with nonlabeled histidine and degraded as described in the section on "Methods," almost all the radioactivity was accounted for in the amidine carbon of histidine. Thus the specific activities of the histidine and the amidine carbon obtained from it were 19,750 and 16,800 c.p.m. per micromole, respectively.
Like Streptococcus faecalis,1I L. casei contains little or no detectable folic acid or folic acid derivatives when grown in complete media with guanine and thymine in place of this vitamin. It is notable ( Table 1 ) that incorporation of carbon 2 of guanine into histidine occurs equally by such deficient cells and by cells grown with folic acid. A highly significant but much smaller incorporation of carbon 8 of guanine into histidine also occurs in the absence of added folic acid; for unknown reasons this incorporation was largely suppressed by addition of folic acid. Sprinson and Rittenberg12 showed in pigeons that carbon 2 of histidine was an effective precursor of carbons 2 and 8 of the purine ring; the present data show that the reverse of this process may assume importance in some organisms under appropriate conditions.
Since carbon 2 of the purine bases may give rise to formate,"3 and since formate is an excellent precursor of the amidine carbon of histidine in yeast, a comparison was made of the relative extents of incorporation of guanine-2-C14 and formate-C"4 into histidine. Results (Table 2) show that formate-C14 is readily incorporated into histidine. When guanine and thymine are added to the folic acid-containing medium, a decrease of over 90 per cent occurs in the incorporation of formate into histidine (Table 2 ). This seems a clear indication that when guanine and formate are present simultaneously, the former is the preferred source for the amidine carbon atom of histidine. Finally, cells grown in the absence of folic acid incorporate very little formate into histidine. Coupled with the results of Table 1 , this demonstrates that the folic acid requirement for formate utilization in this reaction(s) is far higher than the folic acid requirement for guanine utilization; consequently, formate would appear not to be intermediate in the utilization of carbon 2 of guanine for histidine synthesis. All these data, therefore, point to carbon 2 of guanine as a more direct precursor of histidine than formate. It may be that formate, in the presence of folic acid or its coenzyme form, must first be converted to an active intermediate which can be more directly derived from carbon 2 of guanine. Indeed, guanine itself (or xanthine, which promotes growth in histidine-free media even more effectively than does guanine') might be considered one such intermediate. Folic acid derivatives have been widely implicated in the metabolism of one-carbon compounds,"4 and the present findings with formate provide one more instance of this relationship. Whether the transfer of carbon 2 of guanine to histidine by cells highly deficient in folic acid also requires this vitamin in smaller amounts remains to be established. The transfer of a formamido-or ureido-grouping in the reaction is not excluded.
SUMMARY
In agreement with conclusions drawn from sparing effects in nutritional studies,' guanine serves as a histidine precursor in L. casei. In this role, carbon 2 of guanine is transferred into the amidine carbon (position 2) of the imidazole ring of histidine and is a more direct precursor of histidine than is formate. A significant but much smaller incorporation of carbon 8 of guanine into histidine also occurs. Incorpora- The use of baby chicks instead of weanling rats for the exploration of obscure or unknown nutritional factors has two distinct advantages: (1) the baby chicks are embryonically about three weeks younger than weanling rats and exhibit more exacting requirements; (2) as they come from the shell, the baby chicks are substantially bacteria-free, and the complications of bacterial flora are eliminated-at least for the first few hours of life. So far as we know, no one has attempted nutritional experiments on newborn rats; it is only after they have had their mothers' milk for about three weeks and presumably have established an intestinal flora that it has been practicable to use them for nutritional investigation.
EXPERIMENTAL
The initial studies in our laboratories were carried out with white Leghorn chicks from a local hatchery. The results were similar to those reported below, which
